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The valence band maxima of most group-VI transition metal dichalcogenide thin films remain
at the Γ-point all the way from bulk to bilayer. In this paper we develop a continuum theory
of the moire´ minibands that are formed in the valence bands of Γ-valley homobilayers by a small
relative twist. Our effective theory is benchmarked against large-scale ab initio electronic structure
calculations that account for lattice relaxation. As a consequence of an emergent D6 symmetry
we find that low-energy Γ-valley moire´ holes differ qualitatively from their K-valley counterparts
addressed previously; in energetic order the first three bands realize i) a single-orbital model on a
honeycomb lattice, ii) a two-orbital model on a honeycomb lattice, and iii) a single-orbital model
on a kagome lattice.
Introduction— Moire´ superlattices form in van der
Waals heterostructures with twists or lattice constant
differences. In these systems, the moire´ pattern acts as
a long-wavelength modulating potential that alters elec-
tronic, vibrational and structural properties. In semicon-
ductors or semimetals the emergent electronic states can
be accurately described using continuum model Hamil-
tonians [1] in which commensurability between the moire´
pattern and the atomic lattice plays no role. Interest in
moire´ superlattices has increased following the plethora
of interesting phenomena [2–5] discovered in graphene
multilayers. In this Letter we focus on group-VI transi-
tion metal dichalcogenides (TMDs) which are currently
under active investigation[6–13]. In bulk TMDs with 2H
structure, the valence band maximum (VBM) is located
at the Brillouin-zone center Γ point [14]. This property
is a consequence of the valence band orbital character
[15], which is dominated by metal dz2/chalcogen pz an-
tibonding orbitals whose out-of-plane orientation gener-
ates strong inter-layer hybridization that pushes band
energies near the Γ-point up. The valence band maxi-
mum is at the two-dimensional Γ-point all the way from
bulk to bilayer in WS2, MoS2 and MoSe2, the materi-
als on which we focus. In these cases, the bilayer valence
band maxima is a layer-antibonding state that is energet-
ically separated with respect to its bonding counterpart
by several hundreds of meV [16]. This observation mo-
tivates the construction of a one-band continuum model
in which the antibonding state is not explicitly included,
and which is similar at first sight to the one band Hamil-
tonian of TMDs heterobilayers [17]. We find however
that the emergent symmetries are different in the two
cases, and that Γ-valley homobilayers simulate 2D honey-
comb lattice physics, opening up a new chapter of strong
correlation physics in moire´ superlattices.
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Twisted heterostructures between binary van der
Waals monolayers, like TMDs but unlike graphene, oc-
cur in two distinct configurations [18] - referred to here
as α and β . The two configurations differ by a 180◦
rotation of the top layer with respect to the metal axis.
In 1(a) we show a β twisted bilayer in which AA re-
gions form a triangular lattice and are surrounded by six
Bernal (ABM/X and BAX/M ) regions that form a hon-
eycomb network. In the BAX/M/ABM/X areas a metal
atom (M) on one layer is directly on top/below a chalco-
gen atom (X) on the other layer. The two regions are
related by a reflection that exchanges the two layers. In
α bilayers, on the other hand, the (ABM/M and BAX/X)
Bernal stacked regions are structurally and energetically
different. In the following we will focus on β bilayers and
we will omit the apex in the AB/BA labeling.
Homobilayer Symmetry— We derive the valence band
moir Hamiltonian from first principles following the ap-
proach outlined in [19]. The main difference compared to
the procedure adopted in previous works [17, 20] is that
we obtain continuum model parameters directly from the
ab initio electronic structure of fully relaxed twisted bi-
layers. In our low-energy model we retain only the anti-
bonding state at Γ, which is energetically isolated from
other bands by 350-800 meV [16] because of interlayer
hybridization. Neglecting spin-orbit coupling, which van-
ishes at the Γ-point by Kramer’s theorem, we obtain the
following simple single band k · p Hamiltonian:
H = −~
2k2
2m∗
+ ∆(d), (1)
where m∗ is the effective mass and ∆(d) is the poten-
tial felt by holes at the valence band maximum as a
function of the relative displacement d between the two
aligned layers. The two-dimensional lattice periodicity
of the aligned bilayers implies that ∆(d) is a periodic
function. Threefold rotations with respect to the z-axis
(C3z) require that ∆(d) is equal to ∆(C3zd). Moreover,
two bilayers stacked by d and C2zd = −d are mapped
into each other by a z ↔ −z mirror and hence have the
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FIG. 1. a) The three high symmetry configurations in β ho-
mobilayers: BAX/M , ABM/X and AA. On the left, the moir
pattern formed in a θ = 3.15◦ homobilayer is illustrated. The
Bernal stacked regions, whose centers form an honeycomb lat-
tice are denoted by green and blue triangles, and the AA re-
gion by a black circle. b) The first shell (s = 1) of moir
reciprocal lattice vectors used to expand the moir potential
and the the maximal Wyckoff positions of wallpaper group
17. On the left we show the moir potential ∆(r) for MoS2,
which is attractive for holes on the hexagonal network formed
by the AB/BA regions.
same bandstructure. This property, which is peculiar to
β homobilayers, further implies that ∆(d) = ∆(C2zd),
i.e. that ∆(d) is a six-fold symmetric function. As a
consequence the moir potential, and hence the Hamil-
tonian in (1), are D6 symmetric objects. The extrema
of this potential are either at d = 0 (AA stacking) or
at d = ±(a1 + a2)/3 (AB and BA stacking), where
a1 = a0(1, 0) and a2 = a0(−1/2,
√
3/2) are the primi-
tive lattice vectors of the monolayer.
Twisting by a small angle θ yields a local interlayer
displacement d = θzˆ × r. Replacing d in Eq. 1 with
r then retains the potential’s symmetries and magnifies
positions to yield a moire´ potential described by the fol-
lowing Fourier expansion:
∆(r) =
∑
s
6∑
j=1
Vs exp
(
igsj · r+ φs
)
(2)
where gsj+1 = C6zg
s
j is the s-th shell of six moire´ g vec-
tors ordered with increasing |g|. The phase factors φs
WS2 MoS2 MoSe2
V1 33.5 39.45 36.8
V2 4.0 6.5 8.4
V3 5.5 10.0 10.2
φ1,2,3 pi pi pi
m∗ 0.87 0.9 1.17
a0 3.18 3.182 3.295
TABLE I. Parameters of the moire´ Hamiltonian (Eq. (3))
for the three TMD β-homobilayers considered in this paper.
V1,2,3 are in meV, m
∗ is in bare electron mass units, and the
triangular lattice constant a0 is in Angstroms.
are constrained by the C6z symmetry to be either 0 or
pi. We solve for the moire´ Hamiltonian Bloch states by
expanding in plane waves:
〈k+ g’|H |k+ g〉 = −δg,g’ ~
2|k+g|2
2m∗
+ ∆(g− g′), (3)
where k is a wavevector in the moire´ Brillouin-zone.
The applicability of this low-energy model does not rely
on commensurability between the moire´ pattern and
the underlying lattice. Even though the twisted lattice
has only D3 symmetry [20], the moire´ Hamiltonian
(3) inherits the D6 symmetry of the moire´ potential
(2). This emergent low-energy property has profound
consequences for the low energy moire´ bands, and
is the main focus of this paper. The emergence of
symmetries not present in the underlying lattice is a
common [21, 22] and intriguing feature of moir materials.
Ab-inito energy bands— We have performed large scale
DFT calculations on the twisted bilayers (see Fig.2 and
[16]) using QUANTUM ESPRESSO [23, 24]. The VBM
at Γ is sensitive to the d-dependence of the layer sep-
aration, which is substantial[13, 16, 25–29], motivating
the inclusion of lattice relaxation. Our calculations were
performed using the generalized gradient approximation
(GGA) with the weak van-der-Walls (vdW) forces acting
between the layers taken into account by means of the
non-local vdW functional vdW-DF2-C09 [30, 31] (more
details on the ab initio calculations are given in [16]).
The parameters (Vs,φs,m
∗) of the continuum model
were adjusted to match the DFT bandstructures. As
shown in Fig.2 and [16], we found that expanding up
to the third shell s = 3 was sufficient to accurately fit
the low energy bandstructures and the charge density
distribution of the relaxed bilayers. The model param-
eters for twisted WS2, MoS2 and MoSe2 are listed in
I. As a consequence of the out-of-plane nature of the pz
and dz2 orbitals involved at the Γ VBM the amplitude
of the moir potential Vs is more than five times larger
than for K-valley TMDs [17, 20]. Furthermore, since
the VBM in the Bernal stacked regions is higher in
energy than in the AA regions (fixing φs = pi), the
minimum of the potential felt by holes in the valence
bands lies on the hexagonal lattice formed by the
AB/BA regions (see Fig.1(b)). The physics of the moire´
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FIG. 2. DFT vs continuum model. a,b) Twisted WS2 bandstructure obtained with DFT (black crosses) and continuum model
(colored lines) at two different twisting angles θ = 3.15◦, 2.65◦. Similar plots for twisted MoS2 and MoSe2 can be found in
[16]. The valence band maximum is set to E = 0 and the bands originating from s and px ± ipy moire´ Wannier orbitals are
colored in red and blue respectively. c) Charge density distributions of two selected Bloch states encircled in b) as obtained
with DFT and with the continuum model.
band edges in Γ-valley β TMDs homobilayers is there-
fore generated by orbitals sitting on a honeycomb lattice.
Twist-angle dependence— We now demonstrate the ef-
ficacy of the continuum model by using it to predict
the bandstructure of twisted TMDs at angles where full
microscopic calculations are prohibitive. To reveal the
moire´ band physics more fully we employ Topological
Quantum Chemistry theory [32] to identify the symme-
tries and centers of the Wannier orbitals underlying the
moire´ bands by i) computing the symmetry of the Bloch
states and classifying them in terms of the irreducible
representations (irreps) of the little groups at the cor-
responding high symmetry points and ii) comparing the
list of irreps with the Elementary Band Representatons
(EBR) of the space group P6mm listed on the Bilbao
Crystallographic server [33]. In Fig.3 the band structure
of θ = 1.1◦ twisted WS2 is shown. Consistent with the
emergent honeycomb structure of the moir potential, the
first set of bands is formed by a pair of s-like orbitals
centered in the AB/BA regions. These bands are non-
degenerate at Γ, form a Dirac node at K, and are topo-
logically equivalent to the pi bands of graphene. Consis-
tent with previous studies on MoS2 [29], the second set
of bands, is instead formed by px ± ipy orbitals on an
honeycomb [34] that form a pair of almost dispersionless
bands and also have a Dirac node at K. The third set of
bands is even more intriguing, because it is formed by an
odd (three) number of bands, a feature inconsistent with
orbitals on an honeycomb. The symmetry analysis re-
veals that they are generated by orbitals centered on the
3c Wyckoff positions, which lie at the mid point between
two honeycomb sites (see Fig.2 b). Interestingly, the lat-
tice formed by this Wyckoff positions is a kagome lattice,
a prominent platform to host frustration and spin liquid
physics [35, 36]. The topology of these bands, which
have one flat band and a Dirac node, further confirms
the kagome picture. To understand these bands in terms
of the hexagonal moir potential of the system, we need
two orbitals on different honeycomb sites to hybridize.
As a consequence of this hybridization, the Wannier cen-
ters move from the honeycomb AB/BA sites (2b) to their
midpoints (3c), effectively turning the honeycomb into a
kagome lattice.
We have also performed a systematic analysis of all
the bands within ≈ 110 meV below the VBM as a func-
tion of twist angle. This analysis is summarized in Fig.4,
where the band centers of the first five sets of bands bands
are represented by colored circles whose saturation rep-
resents the corresponding bandwidths. The band cen-
ters and separations asymptotically evolve linearly with
the inverse moir length a−1M ∝ θ, whereas the band-
widths decrease exponentially with θ. This behaviour
can be understood[17, 37] by making an harmonic ap-
proximation to the moire´ potential near its maxima;
∆(r) ≈ −γ(r/aM )2/2 where γ = 8pi2(V1 + 6V2 + 4V3)
for β-homobilayers. The black dashed lines in Fig.4 are
the n = 0−4 eigenvalues of this harmonic oscillator prob-
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FIG. 3. a) Bandstructure of θ = 1.1◦ twisted WS2. b) The
first set of bands has a bandwidth of ≈ 0.5 meV and is formed
by s orbitals on an honeycomb lattice. The second is formed
by px ± ipy orbitals on the honeycomb and has a bandwidth
of ≈ 3.2 meV . The third set of bands, formed by a set of
hybridized sd2 orbitals on a Kagome lattice, has a bandwidth
of ≈ 5.75 meV .
lem. The good agreement identifies the harmonic oscilla-
tors wavefunctions as Wannier functions. Within this ap-
proximation, the ratio between the ratio of the Wannier
wavefunction size to the moire´ period, aW /aM ≈ θ1/2,
implying that the overlap between neighboring Wannier
functions and the bandwidths are ∝ e−θ. The absence
of magic angles in this systems is in sharp contrast with
twisted bilayer graphene case[21, 38–41]. The symme-
tries of the 2D harmonic oscillator wavefunctions further
confirm this picture since the n = 0 orbital is an s state
and the n = 1 doublet is spanned by px± ipy. The n = 3
harmonic oscillator orbitals consist of one s and two d or-
bitals per honeycomb site. The EBR analysis shows that
over a broad intermediate twist angles (0.85◦ < θ < 1.4◦)
the six n = 2 orbitals per unit cell separate into two
groups of three which can be identified as sd2 bonding
and antibonding bands centered on kagome lattice sites
located half-way the honeycomb sites. This situation is
known to give rise to Kagome lattice physics [42], but has
not been realized experimentally. The splitting between
bonding and antibonding bands decreases with the angle
until, at a critical θc ≈ 0.85, the six bands merge. By
further decreasing the angle the bands disconnect again,
this time forming sets of 2 and 4 bands separated by a
small gap, whose dispersion resemble that of the s and
px ± ipy bands. We observed similar behaviour also in
the n = 3, 4 sets of energy bands. This feature is due
to high order terms not included in our simple harmonic
oscillator approximation. In particular, the topology of
these sub-bands is always that induced by orbitals (s or
FIG. 4. Twisted TMDs as coupled harmonic oscillators: Band
center of the five lowest energy bands in twisted MoS2 as a
function of twist angle. The bandwidth is encoded in color
with the 1 meV bandwidth threshold marked by a star. The
black dashed lines correspond to the n = 0 − 4 harmonic
oscillator eigenvalues with an oscillator frequency that is pro-
portional to twist angle. Within the red rectangle, the n = 2
levels split in two sets of kagome bands (in green and orange)
as a consequence of the sd2 orbital hybridization.
p) whose angular momenta is lower than 2, consistent
with the constraints imposed by a triangular quantum
well [43]. We expect this behaviour to be even further
enhanced by the strong reconstruction observed at very
small angles, which tends to expand and sharpen the tri-
angular Bernal domains [13].
Discussion— We have shown that because of an emer-
gent D6 symmetry, twisted Γ-valley TMDs open up a new
frontier in strong-correlation moire´ superlattice physics.
The lowest energy bands provides a convenient realiza-
tion of artificial graphene, but with a fine-structure con-
stant that can be tuned across the chiral symmetry break-
ing phase transition[44, 45] simply by varying twist angle.
The second set of bands is formed by px± ipy orbitals on
a honeycomb lattice [34] and is a promising candidate to
study orbital and nematic order [29, 46–48] . Thanks to
an sd2 hybridization of honeycomb lattice orbitals, the
third set of bands realizes a kagome lattice model and
is expected to host spin-liquid physics[35, 36]. Since all
models have bandwidths that can be adjusted simply by
varying twist angles or by applying pressure, they pro-
vide an enticing platform to study the exotic properties
of strongly correlation physics on the honeycomb lattice
[48–52]. Furthermore, by inducing spin-orbit coupling
with gate electric fields or by proximity, all bands can
exhibit topologically non-trivial states [53–56]. Finally,
the Hamiltonian presented here can be easily generalized
to describe Γ α-homobilayers or heterobilayers by sim-
ply relaxing the (φs = 0, pi) constraint imposed by the
emergent D6 symmetry.
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